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a b s t r a c t
Introduction: In children treated for idiopathic equinovarus clubfoot (EVCF), the relation between mor-
phologic defects on clinical examination and standard X-ray on the one hand and functional abnormalities
on the other is difficult to objectify. The aim of the present study was to demonstrate the feasibility of
combined 3D analysis of the foot and lower limb based on biplanar EOS radiographs and gait analysis.
The study hypothesis was that this provides better understanding of abnormalities in form and function.
Methods: Ten children with unilateral EVCF and “very good” clinical results were included. They under-
went gait analysis on the Rizzoli Institute multisegment foot model. Kinematic data were collected for
the hip, knee, ankle and foot (hindfoot/midfoot, midfoot/forefoot and hindfoot/forefoot). Biplanar EOS
radiographs were taken to determine anatomic landmarks and radiological parameters.
Results: Complete acquisition time was around 2 hours per patient. No significant differences were found
between EVCF and healthy feet except for calcaneal incidence, tibiocalcaneal angle and hindfoot/midfoot
and hindfoot/forefoot inversion.
Discussion: The feasibility of the combined analysis was confirmed. There were no differences in range
of motion, moment or power between EVCF and healthy feet in this series of patients with very good
results. The functional results are related to radiological results within the normal range. The protocol
provided anatomic and kinematic reference data. A larger-scale study could more objectively assess the
contribution of EOS radiography using optoelectronic markers.
Level of evidence: II, low-power prospective study.
1. Introduction
Children treated for equinovarus clubfoot (EVCF) during growth
are followed up in consultation on clinical examination [1,2] and
standard 2D X-ray, which is insufficient for fine analysis of defects
and for complete assessment [3–6]. A 3D weight-bearing foot
reconstruction technique based on biplanar radiographs was
recently described [7,8], and pediatric reference values have been
reported [8]. The model [9] can also locate joint rotation centers
with respect to the optoelectronic markers used in quantified anal-
ysis of movement (QAM) [10,11]. Radiographs, however, correlate
poorly with function, and QAM is a complementary assessment
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instrument. Given the small size of children’s feet, QAM treats
the foot as a rigid segment, neglecting motion between the hind-,
mid- and fore-foot [12]. The Rizzoli Institute multisegment model
[13] describes inter-segment motion and is able to analyze such
abnormalities [14].
Associating 3D reconstruction to QAM could improve decision-
making in children with EVCF, by providing global analysis relating
form to function.
The aim of the present preliminary study was to assess the fea-
sibility of combing QAM on a multisegment model to 3D radiology
based on biplanar imaging, to improve assessment of EVCF. The
study hypothesis was that this improves understanding of lower-
limb abnormalities.
2. Material and method
2.1. Patients
After securing review board approval (CPP NX06036), 10
patients (9 boys, 1 girl) aged 7–11 years were included during
pediatric orthopedics outpatient consultation, with consent form
signed by parents and children. They were being followed for
unilateral EVCF treated functionally since the first week of life.
Pathological feet formed the EVCF group, with contralateral feet
as controls.
2.2. Method
QAM was performed in the Georges Charpak Human Biome-
chanics Institute of Paris (France) on an optoelectronic analysis
system comprising 12 video-cameras (Vicon Motion System Ltd.,
Oxford Metrics, UK) and 4 synchronized force platforms (Advanced
Mechanical Technology Inc., Watertown, MA, USA). The optoelec-
tronic markers were positioned following the Rizzoli Institute




Feet were assessed by an orthopedic surgeon following Ghanem
and Seringe [15].
2.3.2. Subject preparation
The optoelectronic markers were positioned following the Riz-
zoli Institute protocol [13] by the orthopedic surgeon, trained in
the method. Markers were 9-mm diameter (Fig. 1a and b), except
on the foot, where 2-mm minimarkers were used (Fig. 1c and d).
2.3.3. EOS imaging
Biplanar radiographs were acquired with the markers in posi-
tion, in 3 modes per subject: standardized free-standing [16]
(Fig. 1a), and right and left monopodal weight-bearing with con-
tralateral foot in equinus [8] (Fig. 1b). AP and lateral views were
taken each time (Fig. 1c and d).
2.3.4. Static calibration
Ahead of gait trials, the minimarkers were replaced by standard
9-mm markers (Fig. 1e) for static calibration.
2.3.5. Gait analysis
Subjects walked barefoot at spontaneous speed for about 5 m.
The test was concluded after 5 validated trials.
2.4. Data processing
2.4.1. 3D reconstructions and radiologic parameters
3D reconstruction was performed by a trained clinician [17,18].
For feet, reconstruction followed the previously described method
[10]. In patients 1 to 5, reconstruction was repeated 3 times, to test
intra-operator reproducibility.
Table 1 and Fig. 2 show the radiological parameters.
2.4.2. Gait analysis
Reference planes were determined following the Rizzoli Insti-
tute model [13]: flexion/extension (Flex/Ext), internal/external
rotation (Int/Ext), abduction/adduction (Abd/Add) and, for the
ankle, dorsiflexion/plantar flexion (Dors/Plan), inversion/eversion
(Inv/Ev) and abduction/adduction (Abd/Add).
Rotations were calculated: pelvis-femur, calf-hindfoot (ankle),
hind-midfoot (Cal-Mid), mid-forefoot (Mid-Met), and hind-
midfoot (Cal-Met). The mean angle over all trials was used for
calculation. Scatter was calculated as standard deviation. Ground
reaction force, kinematics and joint moment were also calculated.
Fig. 1. Markers positioned according to the Rizzoli Institute multisegment protocol [13]: a: standardized free-standing position in EOS system; b: monopodal position and
contralateral equinus; c: AP view; d: sagittal view; e: optoelectronic markers (9 mm).
Table 1
Radiology results and reference values in the literature: femorotibial angle (FTA),
femoral head diameter (FHD), neck-shaft angle (NSA), mechanical femoral angle
(MFA), mechanical tibial angle (MTA), hip-knee-shaft angle (HKS), femur/tibia ratio
(F/T), femoral torsion (FT), tibial torsion (TT), calcaneal incidence (CI), talo-calcaneal
divergence (TCD), tibiotalar angle (TTA), tibiocalcaneal angle (TCA), talonavicular
cover angle (TNCA), Méary angle, 1st metatarsal incidence angle (M1IA). NR: non-
reproducible; n/a: not applicable.
Parameter Pathologic side Healthy side Reference values
Pelvis
Sacral slope (◦) [20] 40 ± 8 n/a 38 ± 8
Pelvic tilt (◦) [20] 3 ± 9 n/a 6 ± 7
Pelvic incidence (◦) [20] 45 ± 8 n/a 45 ± 9
Lower limb
HKS (◦) [21] 5 ± 1 4 ± 1 7 ± 5
FTA (◦) [21] 178 ± 2 177 ± 1 179 ± 3
FHD (mm) [21] 35 ± 2 34 ± 2 34 ± 3
NSA (◦) [21] 142 ± 7 137 ± 8 131 ± 6
MTA (◦) [21] 88 ± 1 89 ± 2 89 ± 3
MFA (◦) [21] 93 ± 1 92 ± 2 3 ± 3
Neck length (mm) [21] 36 ± 4 41 ± 5 n/a
F/T [21] 1 ± 0 1 ± 0 1 ± 0
FT (◦) [21] 25 ± 9 25 ± 12 n/a
TT (◦) [21] 27 ± 23 27 ± 26 n/a
Foot
CI (◦) [8] 12 ± 5 19 ± 6 20 [14; 34]
TCA (◦) [8] 75 ± 4 65 ± 5 67 [54; 77]
TTA (◦) [8] −4 ± 6 −4 ± 3 0 [−10; 7]
TCD (◦) [8] NR NR [35–50]
TNCA (◦) [8] NR NR [5–39]
Méary angle (◦) [8] NR NR [0–15]
M1IA (◦) [8] 20 ± 5 20 ± 4 21 [15; 30]
Pelvic and lower-limb values are reported as mean ± Standard Deviation (SD); foot
values are reported as mean ± SD with reference values as mean ± range.
2.5. Statistics
2.5.1. Measurement uncertainty
Given the small size of children’s feet and the large number
of markers needed for gait analysis, analysis was performed
in 2 healthy subjects (aged 8 and 10 years) to assess the
reproducibility of marker positioning. Inter-trial and inter-session
variation was assessed.
The impact of marker positioning uncertainty on gait parame-
ters was quantified on the Monte Carlo method [19].
2.5.2. Statistical analysis
The Wilcoxon signed ranks test was used for inter-group com-
parisons. The significance threshold was set at p < 0.05.
3. Results
3.1. Demographics and clinical assessment
Mean age was 9.2 years (range, 7–11 years). All feet showed very
good results: Ghanem-Seringe score, 88–100 [15].
3.2. Radiologic results
Table 1 shows radiologic results. Four foot parameters
showed < 3◦ reproducibility: tibiocalcaneal angle, calcaneal inci-
dence, tibiotalar angle, and 1st metatarsal incidence. There were
significant inter-group differences in calcaneal incidence and tibio-
calcaneal angle.
3.3. Gait analysis
Measurement uncertainty was < 4◦. Table 2 shows the main
angles (Dors/Plan, Inv/Ev). There were no significant inter-group
differences except for hindfoot-midfoot inversion (p = 0.04) and
hindfoot-forefoot inversion (p = 0.01) (Fig. 3).
Table 3 shows kinetic results. There were no significant inter-
group differences.
4. Discussion
There are few elements describing the relations between foot
architecture, kinematics and gait kinetics in children with EVCF;
Fig. 2. Radiologic parameters of foot.
Table 2
Kinematic results in EVCF and controls (mean ± SD).
Dorsiflexion (◦) Plantar flexion (◦) Inversion (◦) Eversion (◦)
Joint EVCF Control EVCF Control EVCF Control EVCF Control
Ankle 9.0 ± 6.7 10.4 ± 4.6 10.0 ± 4.8 11.4 ± 3.6 6.4 ± 3.0 5.1 ± 3.4 8.7 ± 4.4 5.9 ± 4.0
Hind/midfoot 5.6 ± 3.4 4.8 ± 2.2 5.2 ± 2.6 6.3 ± 2.2 3.6 ± 2.8 2.0 ± 1.2 4.3 ± 1.9 4.1 ± 1.8
Mid/forefoot 2.8 ± 1.0 2.3 ± 1.3 4.0 ± 2.0 5.4 ± 2.5 3.0 ± 1.5 3.1 ± 2.4 2.3 ± 1.6 1.9 ± 2.1
Hind/forefoot 7.5 ± 2.4 6.7 ± 2.3 7.3 ± 3.7 11.5 ± 3.0 6.4 ± 2.6 3.4 ± 2.0 4.5 ± 2.2 4.5 ± 2.5
Fig. 3. Mean inversion/eversion in (a) hind/midfoot, (b) hind/forefoot.
Table 3
Kinetic and ground reaction force results in EVCF and controls (mean ± SD).
EVCF Control
12.2 ± 2.3 11.2 ± 1.7
Vertical force at heel contact (N/kg) 10.5 ± 0.87 10.2 ± 2.1
Vertical force at propulsion (N/kg) 1.9 ± 0.3 1.9 ± 0.4
Anterior force (N/kg) 1.9 ± 0.4 2.0 ± 0.5
Posterior force (N/kg) 1.8 ± 0.7 1.6 ± 0.5
Ankle plantar flexion moment (N.m/kg) 4.5 ± 2.0 5.3 ± 2.8
Standard assessment is based on clinical examination and 2D radio-
graphy. Although QAM is a promising means of assessment, gait
laboratory data are insufficient for clinical decision-making. The
present study had the interest of performing the first combined
analysis associating 3D reconstruction of the foot and lower limb
from biplanar radiographs to QAM using a multisegment foot
model. The feasibility of the protocol in a clinical setting (test time,
2 hours), differentiating hind-, fore- and mid-foot, was confirmed.
The study cannot be a basis for a novel decision-tree in EVCF, (1)
because sample size was small, and (2) as subjects had exclusively
very good results. It does, however, open the way for a larger-scale
exploration to enhance decision-making.
The EVCF group showed no particular 3D morphologic abnor-
malities [20,21] or gait-related abnormalities, in contrast to the
literature for pathologic children [22–24]. However, the good
results underlying the present series were the main study limi-
tation, precluding correlation analysis of defects. Future studies
should explore the methodology proposed for more severe patholo-
gies.
On 3D radiology, only 4 foot parameters were reproducible (95%
CI, < 3◦), due to the difficulty of visualizing the hindfoot [8]. This
might be resolved by different foot positioning during acquisition.
The difference in calcaneal incidence was related to lower ankle
dorsiflexion in the EVCF group.
Positioning a large number of markers on a child’s foot was not
a technical problem, and applying the Rizzoli multisegment model
[13] was feasible. We found no intergroup differences in kinematics
or kinetics, unlike in other reports [25,26], and the results matched
those for healthy children in the sole publication to report them
[14]. There was, however, a difference in hindfoot/midfoot and
midfoot/hind- and fore-foot motion, confirming that models repre-
senting the foot as a single segment are inadequate for describing
abnormalities [27].
In this study, biplanar radiographs were taken with markers in
position. This is clinically demanding, and presupposes a single site
for QAM and biplanar radiography, but enables more precise deter-
mination of anatomic landmarks. The number of patients included
was insufficient for conclusions to be drawn. Even so, as seen
in Fig. 4, the interpretation of movement can differ considerably
according to the landmark, and a larger-scale study is needed to
Fig. 4. Mean internal/external rotation in (a) EVCF (left) and (b) controls (right). Gray curve: landmarks based on optoelectronic markers; red curve: landmarks based on
EOS radiographs.
determine more objectively the contribution if any of EOS radiog-
raphy with optoelectronic markers in position.
The present preliminary study focused exclusively on EVCF, but
could be extended to other pathologies, to enhance understand-
ing, help diagnosis and improve treatment in lower-limb pathology.
Notably, the QAM protocol of the Rizzoli Institute [13] is contribu-
tive in case of clinical suspicion of specifically midfoot abnormality.
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